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Toll-like receptor 4 (TLR4) is unique among the Toll-like
receptors in its ability to utilize TLR/IL1R-domain-containing
adaptor protein (TIRAP), which recruits TLR4-MyD88 to phos-
phatidylinositol 4,5-bisphosphate (PIP,)-rich sites on the
plasma membrane, to activate NF-kB and MAPK pathways.
Here, we show that AIP1 disrupts formation of the TLR4-
TIRAP-MyD88 complex without directly binding to any of the
complex components. AIP1 via its pleckstrin homology and C2
domains binds to phosphatidylinositol 4-phosphate, a lipid pre-
cursor of PIP,. Knock-out of AIP1 in cells increases and overex-
pression of AIP1 reduces cellular PIP, levels. We further show
that AIP1 is a novel GTPase-activating protein (GAP) for Arf6, a
small GTPase regulating cellular PIP, production and forma-
tion of the TLR4-TIRAP-MyD88 complex. Thus, deletion of the
GAP domain on AIP1 results in aloss of its ability to mediate the
inhibition of Arf6- and TLR4-induced signaling events. We con-
clude that AIP1 functions as a novel Arf6-GAP to negatively
regulate PIP,-dependent TLR4-TIRAP-MyD88 signaling.

Toll-like receptors (TLRs)* play certain critical roles in the
innate immune response in mammals through the recognition
of conserved molecular patterns associated with different
pathogens (1-3). TLR4 is one of the best defined TLRs and the
central signaling receptor for lipopolysaccharides (LPS) in
mammals (3, 4). TLR4 recruits the TLR/IL1R (TIR) domain-
containing adaptor proteins to activate downstream signals
upon ligand stimulation. These adaptors in mammals are
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MyD88, TIRAP (also called Mal), TRIF, TRAM, and SARM
(5-14).

TLR4 is unique among the TLRs because it can utilize all of
the TIR domain-containing adaptors and mediate activation of
both the MyD88-dependent NF-«kB and MAPK cascades as well
as the MyD88-independent IRF-3 signaling pathway (1, 12, 14).
It had been unclear how these two pathways were coordinated
until TIRAP and TRAM were found as two sorting adaptors
(15, 16). Although the delivery of TLR4 by TRAM from the
plasma membrane to endosomes initiates TLR4-mediated
IRF-3 activation (16), targeting of TLR4 and MyD88 to phos-
phatidylinositol 4,5-bisphosphate (PIP,) sites on the plasma
membrane by TIRAP launches the TLR4-mediated MyD88-de-
pendent signaling pathway to activate NF-«kB and MAPK.
TIRAP has an N-terminal PIP, binding domain, which anchors
to the plasma membrane, and a C-terminal TIR domain, which
recruits MyD88 and TLR4 to the PIP, sites to activate down-
stream signaling. Mutations in the PIP, binding domain of
TIRAP, or depletion of cellular PIP,, can abrogate both the
recruitment of TIRAP to the plasma membrane and its capacity
to induce cytokine production in response to LPS (15).

The cellular level of PIP, is dynamically regulated. In mam-
malian cells, phosphatidylinositol 4-phosphate (PI4P) 5-kinase
(PIP5K) phosphorylates PI4P to generate PIP, (17). In response
to growth factors or other stimuli, PIP, can be hydrolyzed by
phosphoinositide-specific phospholipase C to diacylglycerol
and inositol 1,4,5-trisphosphate, or it can be further phosphor-
ylated by PI3K to generate PIP,. However, regulation of PIP5K
activity, a key step in controlling cellular basal PIP,, is critical
for PIP,-dependent TLR4 signaling. The best characterized
activator of PIP5K is Arf6 (ADP-ribosylation factor 6), a small
GTPase. As the sole member of the class III ADP-ribosylation
factor family, Arf6 resides on the plasma membrane and endo-
somes and regulates the traffic between these compartments
(18, 19). Specific guanine nucleotide exchange factors activate
Arf6 by promoting its dissociation from GDP and binding of
GTP, whereas the GTPase-activating proteins (GAPs) inacti-
vate Arf6 by promoting GTP hydrolysis. The evidence support-
ing the role of Arf6 in TLR4 signaling includes the following:
Arf6 is activated by B2-integrin; Arf6 is an activator of PIP5K;
and most importantly, blockade of Arf6 activity blunted TLR4-
MyD88-dependent signaling.

Here, we show AIP1 plays an inhibitory role in the LPS-in-
duced NF-«B and MAPK signaling pathways. The results sug-
gest that AIP1, initially identified as a member of Ras-GAP fam-
ily protein in our laboratory, is a novel Arf6 GAP that can
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promote Arf6-GTP hydrolysis both in vitro and in vivo. Dele-
tion of AIP1 from mouse endothelial cells can enhance cellular
PIP, levels, in turn enhancing LPS-induced NF-«B and MAPK
signaling.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—FLAG-tagged AIP1/2AB plasmid
was described previously (20). The GST-tagged AIP1- and
GST-tagged mutations of AIP1 were generated by PCR using
AIP1/2AB as template and constructed into pDEST15 vector.
TLR4/CD4, HA/TLR4, FLAG-MyD88, and HA-TIRAP were
gifts from Dr. Ruslan Medzhitov; the FLAG-TIRAP and muta-
tions for TIRAP were generated by PCR using HA-TIRAP as
template and constructed into pCDNA3-2AB vector. Myc-
IL1-R1 was generated by PCR using IL1-R1 cDNA as template.
GST-GGA3y 5. gat Plasmid was a gift from Dr. Juan S. Boni-
facino. HA-Arf6, HA-Arf6T27N, and HA-Arf6Q67L were gifts
from Dr. James Casanova. GST-Arf6 was generated by PCR
using HA-Arf6 as template and constructed into pDEST15 vec-
tor. EGFP-PIP5K«, EGFP-PIP5K, and EGFP-PIP5Ky were
gifts from Dr. Dianqing Wu. Antibody against AIP1 was
described previously (20). Antibodies against IkBa, p38, and
B-actin were from Sigma. Antibodies against p-IkBa and p-p38
were from Cell Signaling.

Cell Culture and Transfections—Mouse lung microvessel EC
cells were cultured in MLEC medium containing 40% low glu-
cose Dulbecco’s modified Eagle’s medium, 40% Ham’s F-12,
20% fetal bovine serum, 2% EC growth factors. Bovine aortic
endothelial cells, 293T cells, and Cos7 cells were cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. 293T and Cos7 cells were transfected by Lipo-
fectamine 2000 according to the manufacturer’s protocol
(Invitrogen). MLEC cells were transfected by Amaxa
HMVEC-L Nucleofector kit according to manufacturer’s pro-
tocol. For reconstitution of AIP1 back to AIP1-KO, cells (1 X
10°) were reconstituted with the indicated AIP1 constructs by
electroporation. 48 after transfection, cells were treated with
LPS for the indicated times.

Immunoblotting and Immunoprecipitation—293T cells after
transfection for 24 h were washed twice with cold PBS and
harvested in lysis buffer (50 mm Tris-HCl, pH 7.6, 150 mm
NaCl, 1% Triton X-100, 1 mM sodium orthovanadate, 1 mm
sodium pyrophosphate, 10 mg/ml aprotinin, 10 mg/ml leupep-
tin, 2 mM phenylmethylsulfonyl fluoride, 1 mm EDTA) for 20
min on ice. Immunoprecipitation and immunoblotting were
performed as described previously (20).

Electrophoretic Mobility Shift Assays (EMSAs)—The double-
stranded oligonucleotide containing a kB consensus site from
the immunoglobulin k gene (Promega) was used for EMSA.
Preparation of nuclear extracts and EMSA were performed as
described previously (21).

Indirect Immunofluorescence Microscopy—MLEC cells,
bovine aortic endothelial cells, or Cos7 cells after transfection
for 24 h were washed twice by ice-cold PBS, then fixed in 4%
paraformaldehyde for 20 min at 25 °C, and permeabilized with
0.1% Triton X-100 for 1.5 min. Samples were treated with block
buffer (1% normal horse serum in PBS) for 30 min, and the
appropriate primary antibodies were diluted into PBS and incu-

pCEENE

FEBRUARY 5, 2010+VOLUME 285+NUMBER 6

AIP1 Suppresses TLR4 Signaling

bated for 1 h. Alexa Fluor 594-phalloidin (Molecular Probes)
was used to stain F-actin. Secondary antibodies were incubated
after primary antibodies binding and washed three times in
PBS. Images were captured under a Leica SP5 confocal
microscope.

Reporter Gene Assay—293T cells (1 X 10°) were transfected
with appropriate reporter (0.1 ug) and expression (0.5 ug) plas-
mids. Reporter gene assays were performed 20 h after transfec-
tion by the luciferase assay system (Promega) according to the
manufacturer’s instructions.

Protein Purification—GST fusion proteins used in GGA3
pulldown assay and lipid binding assays were purified from
Escherichia coli BL21DE3 competent cells (Stratagene). Protein
expression was induced for 3 h at 37 °C with 0.2 mM isopropyl
1-thio-B-Dp-galactopyranoside. Cells were harvested by centri-
fugation. Cell pellets were resuspended by sonication in 1X
PBST buffer in the presence of 1% Triton X-100 and full prote-
ase inhibitors. The extracts were clarified by centrifugation at
12,000 rpm for 1 h and then mixed with glutathione-Sepharose
4B (GE Healthcare). Bound proteins were washed three times
with the same cell breaking buffer in the presence of 500 mm
NaCl. The beads that bind proteins for pulldown assay were
stored at 1 X PBS with 30% glycerol at —20 °C. Proteins for lipid
binding assays were eluted with 20 mm glutathione in 1 X PBST.
Protein purity and concentration were determined by Coomas-
sie Blue-stained polyacrylamide gel.

Lipid Binding Assay—PIP strips and membrane lipid strips
(Echelon Biosciences) were immersed in blocking buffer (1X
PBS, 1% fat-free milk, 0.1% Tween 20) for 1 h. Strips were
probed for 2 h at 25 °C with the indicated GST fusion protein
(50 ng/ml) in the presence of anti-GST antibody (Sigma). Blots
were then washed in blocking buffer three times for 10 min each
and probed with a horseradish peroxidase-conjugated anti-rab-
bit IgG (GE Healthcare) for 30 min in blocking buffer. Bound
protein was detected using ECL (GE Healthcare).

Lipid Extraction and Phosphatidylinositol 4,5-Bisphosphate
Measurement by Enzyme-linked Immunosorbent Assay—Cells
(1 X 10°) were washed once with ice-cold PBS and lysed in 375
ul of methanol/chloroform/HCI (40:20:1) mixture on ice, fol-
lowed by 100 ul of chloroform and 225 ul of water. After vor-
texing for 1 min, samples were centrifuged at 3000 rpm for 2
min at4 °C, and the lower organic phase was collected and dried
by vacuum. Lipid extracts were dissolved directly in ethanol at
room temperature, loaded onto a microplate, and dried under
vacuum. The membrane was blotted with mouse anti-phospha-
tidylinositol 4,5-bisphosphate monoclonal antibody (Assay
Designs, Ann Arbor, MI) for 1 h and subsequently blotted with
goat anti-mouse IgG-horseradish peroxidase (GE Healthcare)
for 25 min. The microplate was washed three times with PBS
after each incubation. Finally, chemiluminescence substrate
was added to the plate (Kirkegaard & Perry Laboratories), and
luminescence intensity was determined by a luminometer.

GGA3 Pulldown Assay—Cells for GGA3 pulldown assay (1 X
10°) were lysed in lysis buffer, and supernatant was incubated
with GST-GGA3 beads or control GST beads at 4 °C for 2 h.
Beads were then washed three times in lysis buffer. Bound pro-
teins were eluted in SDS loading buffer and detected by immu-
noblotting with Arf6 antibody.
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RESULTS AND DISCUSSION

AIPI Inhibits LPS-induced NF-«kB
and MAPK Activation—Our previ-
ous studies showed AIP1 (ASK1-in-
teracting protein-1) is a positive
regulator in tumor necrosis factor-
induced c-Jun N-terminal kinase
(JNK)/p38 MAPK signaling but is an
inhibitor of tumor necrosis factor-
a-induced NF-kB activation in vas-
cular endothelial cells (EC). Because
tumor necrosis factor-e, IL-1, and
LPS are potent proinflammatory
stimuli and activate NF-kB signal-
ing pathways in EC, we attempted to
determine whether AIP1 plays a
role in the IL-1- and LPS-induced
signaling in EC. To this end, WT
and AIP1-KO mouse EC were
treated with IL-13 or LPS for vari-
ous times, and the activation of
MAPK and NF-«kB was determined
by Western blot with antibodies
against phospho-p38 or phospho-
IkBa. IL-1B induced rapid phos-
phorylations of p38 and IkBa. IkBa
was strongly degraded, followed by
a re-synthesis (supplemental Fig.
Sla).LPS induced a delayed but sus-
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FIGURE 1. AIP1 inhibits LPS-induced NF-xB and MAPK activation. Effects of AIP1 in LPS-induced NF-«B and
MAPK activation in MLEC. WT and AIP1-KO MLEC (1 X 10°) were treated with LPS (1 ng/ml) for the indicated
times. Phospho- and total IkBB and p38 were determined by immunoblotting with the respective antibodies
(a). The quantification of total IkBB, and the ratios of p-IkBB/IkB and p-p38/p38 are presented in b-d. Nuclear
extracts from WT and AIP1-KO EC (0, 30, and 60 min) were also prepared for EMSA using a NF-kB probe (e). fand
g, effects of AIP1 in TLR4-mediated NF-«B and AP-1 activation. 293T cells (1 X 10°) were transfected with the
indicated reporter gene (0. ng) and expression plasmids (0.5 wng). Data are the means = S.D. from three

independent experiments. Rel. Lucif. Act., relative luciferase activity.

GAP Activity Assay—Proteins for GAP activity assay were
expressed in BL21DE3 competent cells at the same conditions
and were purified at the following conditions. Cell pellets were
resuspended by sonication in high salt cell breaking buffer (50
mM Tris-HCl, 10% sucrose, 10 mm EDTA, 600 mm KCl, 0.01%
Igepal, 1 mm dithiothreitol, full protein inhibitors, and 1 mm
phenylmethylsulfonyl fluoride). Extracts from the cell pellet
were mixed with glutathione-Sepharose 4B at 4 °C for 2 h and
washed with T buffer (25 mm Tris-HCI, 10% glycerol, 1 mm
EDTA) containing 1 M KCL. Proteins were eluted with 20 mm
glutathione in T buffer containing 150 mm KCI followed by
washing and concentrating with Millipore centrifugal filter
devices. Protein purity and concentration were determined by
Coomassie Blue-stained polyacrylamide gel. The GTP hydroly-
sis level of purified Arf6 (1 um) in the presence of AIP1-GAP or
control GST proteins was determined by GTPase assay kit
(Innova Biosciences) at Ay, ., following the manufacturer’s
protocol.
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tained response in p38 activation
& and NF-«B with a weak degradation
of IkBa, which was only detected in
the presence of the protein synthe-
sis inhibitor cycloheximide (supple-
mental Fig. S1b). Similar to the
observations in tumor necrosis fac-
tor signaling, IL-1B-induced p38
MAPK was reduced, and IL-1B-in-
duced NEF-kB signaling was en-
hanced in AIP1-KO EC (supple-
mental Fig. S1a). However, LPS-induced activation of both the
MAPK and NF-«B signaling was augmented in AIP1-KO EC
(Fig. 1a, with quantification in b—d). Accordingly, LPS-induced
NE-kB activation as measured by EMSA was also enhanced in
AIP1-KO EC (Fig. 1e). Interestingly, Pam3CSK4 (TLR2 ligand)
and LPS (TLR4 ligand) showed a similar pattern of p38 MAPK
and NF-«B activation (supplemental Fig. S1c). Consistent with
these results, overexpressed AIP1 in 293T cells inhibits TLR4-
mediated MAPK and NF-«B activation in reporter gene assays
(Fig. 1, fand g).

AIP1 Disrupts the Complex Formation of TLR4-MyD8S8-
TIRAP—TLR4 and TLR2, but not IL-1R, mediate NF-«B and
MAPK activation by recruiting two pivotal adaptor proteins,
MyD88 and TIRAP. TIRAP binds to PIP, sites on the plasma
membrane, and then facilitates the association between TLR4
and MyD88, which in turn functions as a platform to recruit
other downstream molecules. To determine how AIP1 inhibits
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FIGURE 2. AIP1 disrupts the complex formation of TLR4-MyD88-TIRAP. g, AIP1 does not associate with
MyD88. FLAG-AIP1 and FLAG-MyD88 expression plasmids were co-transfected into 293T cells. Association of
AIP1 with MyD88 was determined by immunoprecipitation (/P) with anti-AIP1 followed by immunoblotting
with anti-FLAG. A normal rabbit serum was used as a control. WB, Western blot. b, AIP1 does not associate with
TIRAP. FLAG-AIP1 and HA-TIRAP were co-transfected into 293T cells. Association of AIP1 with TIRAP was deter-
mined by immunoprecipitation with anti-AIP1, followed by immunoblotting with anti-HA. ¢ and d, AIP1
reduces TLR4-TIRAP-MyD88 complexes but enhances associations of TIRAP-MyD88. 293T cells were trans-
fected with FLAG-TIRAP, HA-TLR4, and FLAG-MyD88 (c) or HA-TIRAP and FLAG-MyD88 (d) in the absence or
presence of FLAG-AIP1. Association of TLR4-TIRAP-MyD88 and TIRAP-MyD88 was determined by immunopre-
cipitation with anti-HA, followed by immunoblotting with anti-FLAG. e, effect of AIP1 on endogenous TIRAP-
MyD88 and TLR4-TIRAP-MyD88 complexes. WT and AIP1-KO mouse EC were untreated or treated with LPS (1
ng/ml for 15 min). Associations of endogenous TIRAP-MyD88 and TIRAP-TLR4 were determined by immuno-
precipitation with anti-TIRAP, followed by immunoblotting with anti-MyD88 and TLR4, respectively.

TLR4 signaling, we first examined
whether AIP1 could block TLR4 sig-
naling complex formation via
directly binding to MyD88, TIRAP,
or TLR4. Although we could not
detect AIP1 associations with any of
them, TLR4-TIRAP-MyD88 com-
plex formation was diminished in
the presence of AIP1 (Fig. 2, a—c).
Interestingly, we found that AIP1
dramatically enhanced the associa-
tion of TIRAP with MyD88 (Fig. 2d).
We next determined the effect of
AIP1 on endogenous TIRAP-
MyD88 and TLR4-TIRAP-MyD88
complexes in the absence or pres-
ence of the TLR4 ligand LPS. WT
and AIP1-KO mouse EC were
untreated or treated with LPS.
TIRAP-MyD88 was readily de-
tected in resting WT EC and was
slightly decreased by LPS treat-
ment. Consistent with the overex-
pression system where AIP1
enhances TIRAP-MyD88 interac-
tion, TIRAP-MyD88 association
was decreased in AIP1-KO EC (Fig.
2e). In contrast, TIRAP-TLR4
association was not detected in the
resting state but was strongly
induced in response to LPS. More-
over, this interaction was aug-
mented in AIP1-KO cells (Fig. 2e).
Taken together, these results
indicate that TIRAP-MyD88 can
form independently of the TLR4-
TIRAP-MyD88 complexes, and
AIP1 has differential effects on
these complexes. Most impor-
tantly, these data suggest that
AIP1-mediated disruption of the
TLR4-TIRAP-MyD88 complex is
not dependent on its direct associ-
ations with the TLR4 signaling
components.

Furthermore, we observed that
endogenous AIP1 exhibited plasma
membrane localization in WT
mouse EC cells (supplemental Fig.
S2a). Overexpression of AIP1 in
bovine aortic endothelial cells and
Cos7 cells showed a similar pattern
of membrane localization as well as
cytoplasmic staining. This staining
pattern is similar to the reported
localization of TIRAP in macro-
phages (15) and in Cos7 cells (sup-
plemental Fig. S2b). Not surpris-
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FIGURE 3. AIP1 and TIRAP bind to distinct lipids present on the plasma membrane. a and b, membrane
lipid strip (a) and PIP strip assays (b) were performed using recombinant GST-AIP1 protein. GST was used as a
control. The left panel indicates the identity of each lipid spot. DAG, diacylglycerol; PA, phosphatidic acid; PS,
phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PG, phosphatidylglycerol; LPA,
lysophosphatidicacid; LPC, lysophosphocholine. cand d, PH/C2 domains of AIP1 are sufficient for lipid binding.
GST-PHC2 was purified (c) and was used for the PIP strip assay (d) as described. S1P, sphingosine 1-phosphate;
VC, vector control. e and f, replacement of the PIP, binding domain in TIRAP by the lipid binding domains (PH,
C2, or PHC2 domain) did not restore the TIRAP activity in terms of NF-«B activation. A schematic diagram for
truncated AIP1-TIRAP and its expression in 293T cells shown in e. The kB-dependent reporter gene activation
by truncated AIP1-TIRAP in 293T cells is presented in f. Rel. Lucif. Act., relative luciferase activity.

ingly, both AIP1 and TIRAP appeared on the plasma
membrane, where they displayed a co-localization pattern

(supplemental Fig. S2¢).
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AIPI and TIRAP Bind to Distinct
Lipids Present on the Plasma
Membrane—The membrane loca-
tion of TIRAP is dependent on the
lipid composition of PIP,. AIP1
contains two predicted lipid binding
domains at its N terminus, the
pleckstrin homology (PH) domain
and the C2 domain. One possibility
is that AIP1 disrupts TLR4-TIRAP-
MyD88 by competing with TIRAP
for PIP, binding on the plasma
membrane. To test this, we exam-
ined the lipid binding profiles of
AIP1 in the membrane lipid assay,
using recombinant GST-AIP1. The
full-length AIP1 specifically associ-
ated with PIP,, but not with PIP, or
PIP, (Fig. 3a). We further analyzed
the lipid binding profiles of AIP1 in
a PIP strip assay. AIP1 specifically
bound to PI4P as well as PI3P, a lipid
present in other organelles, includ-
ing endocytic vesicles (Fig. 3b).

To determine whether the PH
domain or the C2 domain is
required for lipid binding, we cre-
ated truncated GST-AIP1 with a
deletion of the PH domain (APH),
the C2 domain (AC2), or both
(AIP1-C). An in vitro lipid binding
assay showed both APH and AC2
retained similar lipid binding pro-
files to the full-length AIP1. AIP1-C
failed to bind to PI4P, although it
still bound to PI3P, suggesting that
the PH/C2 domains are required for
PI4P binding (supplemental Fig.
S3). To determine whether the
PH/C2 domains are sufficient for
PI4P binding, GST-PHC2 contain-
ing only the PH/C2 domains was
used for the same lipid binding
assay. GST-PHC2 bound to both
PI3P and PI4P. Taken together,
these results demonstrate that AIP1
does not bind to PIP,, but instead,
AIP1 via the PH and C2 domains,
binds to PI4P, a precursor PIP, (Fig.
3,cand d).

PIP, binding is required for
TIRAP function. The PIP,-binding
motif of TIRAP can be replaced by a
different PIP,-binding motif, but
not by other non-PIP, membrane-

targeting motifs, to restore TIRAP activity in mediating the
TLR4 signaling (8, 15). We reasoned that the AIP1 membrane

targeting domains would not rescue TIRAP function upon
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a P=0.043 b . P=0.004 activation was determined in a
18 | ’ kB-reporter gene assay. None of the
1.6 1 chimeras could restore the activity

1.4

08 of TIRAP-TIR in terms of NF-«kB
1.2 :

activation (Fig. 3, e and f). Taken

Relative PIP2 level
Relative PIP2 level

0.8 06 together, these data confirm that

0.6 0.4 the lipid binding domain of AIP1 is

0.4 02 functionally distinct from that of

062 . TIRAP. These data suggest that
AIP1+/4 AIPI1- Ve AIPT AIP1 is recruited to the plasma
membrane via PI4P, a lipid precur-

AT+ AP/ ve AlPT sor of PIP,, excluding the possibility
>- o Bei ‘ AP L - “ AP1 ‘Fhat AIP1 inhibits the TLR4 mgngl—
ing pathway by competing with

’__ N R P ‘ p-actin ’.‘....‘ pacn  TIRAP for PIP, binding.

AIP1 Down-regulates the Cellular
PIP, Level by Acting as a Novel

f
¢ RIS € o \(,VQ Arf6  GTPase-activating Protein—
§1\ §\ Arf6-GTP & /\RSK &y\q We next examined whether AIP1
% 5 NN alters PIP, levels in EC to regu-
- AIP1 &7 75KD- [ late TLR4-TIRAP-MyD88 signal-
< s .
o 4 _ GST-AIP1GAP ing. The cellular levels of PIP, were
Ll anme| A5 ,_%? S0KD- |G p— - _GST-Arf6 measured in WT and AIP1-KO
&° XEINS 37KD- mouse EC by enzyme-linked immu-
& }\ ] " nosorbent assay, and the PIP, level
S Coomassie Blue Staining N . .
was significantly increased in
d AIP14/4+ AIP1-/- g s AIP1-KO EC (Fig. 4a). Conversely,
o o 45 overexpression of AIP1 in EC
S S ‘ -o- GST strongly reduced the PIP, level (Fig.
A N o 4 -m AIP1GAP 4b). These results indicate that AIP1
puldown: 8 & 8 38 s 35 disrupts the LPS-TLR4 signaling
3 3 pathway by down-regulating PIP,
5 B Arfo = production.
_ B 25 Arf6 has been shown to be a crit-
WB:aArfs < 2 ical regulator of PIP, synthesis by
%
2 activating PIP5K (22). Therefore,
| -GST-GGA3 = 1.5
S0KD- by . é blocking the activity of Arf6 inter-
37KD- ! feres with TLR4-MyD88-depen-
0.5 dent signaling (15). We did not
detect associations of AIP1 with any
- p -GST 0
oKD - © 0 1 2 4 8 of the three isoforms («, B, and y) of
ponceau S staining GST/AIP1GAP(uM) PIP5K (supplemental Fig. S4).

FIGURE 4. AIP1 down-regulates cellular PIP, level by acting as a novel Arf6 GTPase-activating protein. because AIP1 is a Ras GTPase-acti-
aand b, deletion of AIPT increases and overexpression of AIP1 reduces the PIP levels in EC. Triplicatesfromeach  vating protein (Ras-GAP), we tested
group were performed. AIP1 and B-actin expression from triplicates were detected by Western blot with :

respective antibodies. a, WT and AIP1-KO MLEC are compared. b, AIP1-KO MLEC were transfected with control whether AIP1 functlons as an
(VC) plasmid or AIP1 plasmid by electroporation, and cellular PIP, levels were measured by enzyme-linked Arf6-GAP, reducing cellular PIP,
immunosorbent assay. The absorbance values of WT group (a) and AIP1-KO VC group (b) were normalizedto 1. Jevels. Arf6 activity was measured
Data are the means = S.D. from three independent experiments. c-e, Arf6 activity is increased in AIP1-KO cells. b GST-GGA3 1Id

The total Arf6 in WT and AIP1-KO MLEC was determined by immunoblotting with anti-Arf6 (c). Arf6-GTP form y a - ] pu owr} assa}l.
from WT and AIP1-KO MLEC were determined by a GST-GGA3,s.car pulldown assay. Bound Arf6 was deter-  GGA3,,1;5 gat iS 1-313-amino acid
mined by immunoblotting with anti-Arf6. GST was used as a control. GST and GST-GGA3, ;s gar ON the mem-  {1incation mutant of ADP-ribosyl-
brane were visualized by Ponceau S staining (d). WB, Western blot. Densitometry quantification of bound Arfé ) .. ] Y
in WT and AIP1-KO MLEC is shown in e with normalization of WT as 1.0. fand g, GAP domain of AIP1 functions ~ ation factor-binding protein GGA3,
as Arf6 GAP. The in vitro GAP activity of Arf6é was determined using 1 mm Arf6 protein in the absence orpresence  which only interacts with an active
of GST-AIP1 at the concentrations indicated. GST was used as a control. GTP hydrolysis was determined by _

spectrometry at 635 nm. Relative Arf6 (1 um) activities were quantified in f, and the basal value without AIP1 .form.ofArf6 (Arf6-GTP) but not the
was normalized to 1. inactive form Arf6-GDP (23). We

first verified this assay by using
replacing the TIRAP lipid-binding motif. To test this, aseriesof 293T cell lysates overexpressing HA-tagged Arf6WT,
chimeras in which the lipid binding domain (PH, C2, or both)  Arf6Q67L (a constitutively active form of Arf6), or Arf6T27N (a
from AIP1 was fused to the TIRAP-TIR domain, and NF-kB  dominant negative form (of Arf6)). Indeed, GST-GGA3 11s.gaT

FEBRUARY 5, 2010-VOLUME 285-NUMBER 6 YASEWMIB JOURNAL OF BIOLOGICAL CHEMISTRY 3755


http://www.jbc.org/cgi/content/full/M109.069385/DC1

AIP1 Suppresses TLR4 Signaling

a HA-Arf6

Flag-AIP1 HA-Arf6

HA-Arf6WT

b NF-kB luciferase
16 .
1wt v
ol EAP

£ AIPTAGAP

< 10} r._,

= 2 AIP1R289L

v

5 8 ¢t

-

o]

o

c VC AIPIF  AIP1AGAP d

DAPI

VvC

These data suggest that AIP1 specif-
ically inhibits Arf6 activity in EC.

To determine whether AIP1
directly functions as an Arf6-GAP,
we performed an in vitro GAP activ-
ity assay. Like other small GTPases
(24), Arf6 has a very low intrinsic
GTPase activity. However, the GTP
hydrolysis activity of Arf6 was dra-
matically increased in the presence
of AIP1-GAP (Fig. 4d).

Arf6-GAP Activity of AIP1 Is Crit-
ical in Regulation of TLR4 Signaling
Pathway—To determine the func-
tional significance of Arf6 regula-
tion by AIP1, we first examined the
cellular localization of AIP1 and
Arfé. Arf6 islocalized on the cellular
membrane and recycles between
the plasma membrane and endo-
cytic compartments during its
GTPase cycle. GTP-bound Arf6
resides on the plasma membrane,
and the hydrolysis of bound GTP
enhanced by Arf6é GAPs is necessary

P |

AIPTF  AIPT1AGAP

LPS(mins): 0 15 3060 0 15 3060 0 15 30 60
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FIGURE 5. Arf6-GAP activity of AIP1 is critical in the regulation of the TLR4 signaling pathway. g, AIP1 is
co-localized with Arf6 on both the plasma membrane and endosomes. AIP1 and Arf6 expression plasmids were
co-transfected into Cos7 cells. Localization of AIP1 and Arfé was determined by indirectimmunofluorescence
with anti-FLAG (AIP1) and anti-HA (Arf6) followed by Alexa Fluor-488 donkey anti-rabbit IgG and Alexa Fluor-
599 donkey anti-mouse IgG. DAPI, 4’ ,6-diamidino-2-phenylindole. b, AIP1 inhibits Arf6-mediated TLR4 signal-
ing. The kB reporter gene was transfected with Arfé alone or Arf6 plus TLR4 in the absence or presence of

LPS(mins): 0 30 60 0 3060 0 3060

for Arf6 translocation to endocytic
organelles. Return of Arf6 to the cell
surface occurs upon its activation by
Arf6 guanine nucleotide exchange
factors (25). Indeed, Arf6-WT was
detected in both plasma membrane
and endocytic vesicles (Fig. 5a),
although Arf6T27N was predomi-
nantly detected in endocytic vesi-
cles. The co-localization of AIP1
with Arf6-WT was more pro-
nounced than Arf6T27N (supple-
mental Fig. S6a), suggesting that
AIP1 preferentially targets the
active form of Arf6.

We then determined whether
AIP1 inhibits Arf6-mediated TLR4

“ ' NF«xB

AIP1-WT, AIP1 mutant with deletion of the GAP1 domain (AIP1-AGAP), or a single mutation at Arg-289 (AIP1-

R289). The Arf6/TLR4 group was treated with LPS (1 ng/ml) for 8 h prior to the reporter gene assay analysis. VC,
vector control. Rel. Lucif. Act., relative luciferase activity. ¢, GAP domain is critical for AIP1-mediated inhibition
on LPS-induced signaling events. AIP1-KO MLEC were reconstituted with the indicated AIP1 constructs fol-
lowed by treatment with LPS for the indicated times. LPS-induced activation of NF-«B and MAPK was deter-
mined. The relative levels of p-IkBa and ratios of p-p38/p38 are shown below the blots, with the untreated
control group as 1.0. d, nuclear extracts from vector control, AIP1-WT, and AIP1-AGAP (0, 30, and 60 min) were

prepared for EMSA using an NF-«B probe.

pulled down more Arf6Q67L than Arf6WT. However,
Arf6T27N was not pulled down by GST-GGA3 ;5. gat (SUP-
plemental Fig. S54). We then assessed the endogenous Arf6-
GTP level in WT and AIP1-KO mouse EC. The total levels of
Arf6 in WT and AIP1-KO mouse EC were similar. However,
the level of Arf6-GTP in AIP1-KO mouse EC was much higher
than WT mouse EC (Fig. 4c¢). In contrast, activity of Arfl,
another member of the Arf family known to regulate PIP5K,
was not affected by AIP1 deletion (supplemental Fig. S5b).

3756 JOURNAL OF BIOLOGICAL CHEMISTRY

signaling. Overexpression of WT
or Arf6Q67L, but not Arf6T27N,
induced both basal and TLR4-medi-
ated activation of kB-reporter gene
(Fig. 5b and supplemental Fig. S6b).
Co-expression of AIP1, but not a
mutant AIP1 with a deletion of the
GAP domain (AIP1-AGAP), significantly suppressed Arf6-
WT-mediated NF-«B activation (Fig. 5). AIP1, initially iden-
tified as Ras-GAP (12, 14, 26), shows similarities as well as dif-
ferences from Arf-GAPs. Specifically, Arg-289 of AIP1, a
residue critical for Ras-GAP activity, is absent in Arf-GAPs
(supplemental Fig. S6¢). To exclude the possibility that AIP1 is
acting on Ras to regulate Arf6 activation, we determined the
effect of AIP1-R289L, a mutant defective in Ras-GAP activity,
on Arf6-WT-mediated NF-«B activation. AIP1-R289L had the
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same effect on Arf6-induced NF-«B activity (Fig. 5b). These
data suggest that AIP1 directly inhibits Arf6.

Finally, we determined if AIP1 GAP activity is critical in
inhibiting LPS signaling in mouse EC. To this end, AIP-KO
mouse EC was reconstituted with AIP1-F or AIP1-AGAP. Cells
were treated with LPS and LPS-activated MAPK, and NF-«B
was determined by phospho-specific antibodies. Re-expression
of AIP1-WT, but not AIP1-AGAP in AIP-KO mouse EC, sig-
nificantly blocked LPS-induced signaling compared with
AIP-KO mouse EC reconstituted with a control vector (Fig. 5¢).
Similar results of AIP1 on NF-«B activation were obtained by
EMSA (Fig. 5d). These data confirm that AIP1 suppresses LPS-
induced signaling in a GAP activity-dependent manner.

In conclusion, we have identified AIP1 as a novel Arf6-GAP
that inhibits Arf6-mediated PIP, production, in turn leading to
an inhibition of the PIP,-dependent and TIPAP-mediated for-
mation of the TLR4-TIRAP-MyD88 complex, and ultimately
the activation of the downstream NF-«B and MAPK signaling
pathways (supplemental Fig. S7). Consistent with this model, a
genetic deficiency of AIP1 in mice (AIP1-KO) causes hypersen-
sitivity to LPS challenge.” With AIP1-KO mice readily available
in our laboratory, this study warrants further investigation of
the roles of AIP1 in the LPS-TLR4 response and innate
immunity.
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